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ABSTRACT

 Open-ring derivatives of beta-lactams do not inhibit bacterial growth but retain several 
biological activities. In this regard, methods of antibiotic control should be characterized by 
specificity to such derivatives. The objective of this study was to evaluate commercially available 
immunoreagents for the detection of beta-lactams from the point of view of their selectivity with 
respect to the open-ring derivatives of lactams. The enzyme-linked immunosorbent assays (ELISA) 
was used for this purpose. Ampicillin was hydrolyzed by acid and alkaline treatments, and opening 
of the lactam ring was confirmed spectrophotometrically. It was shown that either selective detection 
of only native ampicillin or integrated detection of both its states could be realized depending on the 
immunoreagents. The detection limit for native ampicillin for both assays was 10 ng/mL, where as 
cross-reactivity to the derivatives with an open ring was <0.01% for the first case and 61.5–64.2% 
for the second case. The established variability is critical in interpreting the data of immunodetection 
and should be controlled for grounded evaluation of pharmaceuticals and foods. 
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INTRODUCTION

 Beta-lactam antibiotics play an important 
role in the treatment of human infections1. The first 
beta-lactam antibiotic applied for human diseases 
treatment was Penicillin G in 1940s but in 1944 the 
information about destruction of the lactam ring by 
resistant S. aureus was published2. Their wide use 
as tools to enhance growth and yield in agriculture 
makes them present in foodstuffs (causing toxicity, 
allergenicity, and induction of microorganisms’ 

resistance)3. Therefore, the control of antibiotics is 
important for medicine and food safety4,5. Among the 
methods used for this purpose6,7, immunochemical 
methods are of particular interest because of their 
simplicity, lack of need for sophisticated equipment, 
and ability to obtain quick results8,9. The immune 
methods developed and recommended for mass 
control are characterized in detail by their specificity 
to other natural and artificial compounds that could 
potentially be in the tested samples. However, 
revealing partially degraded derivatives of antibiotics 
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using antibodies remains unexplored. This question 
is especially important for beta-lactam antibiotics 
being inactivated by the destruction of their lactam 
ring either with significant changes in pH10 or under 
the action of special enzymes—lactamases11. The 
antibiotic resistance of pathogenic bacteria, which 
has become one of the main problems for antibiotic 
therapy in recent years, in many cases is because 
of the lactamase activity of such bacteria12. Note 
that lactam derivatives with open rings, while losing 
their toxicity to bacteria, retain many other biological 
properties (for example, allergenicity). Accordingly, 
when assessing the effectiveness of antibiotic 
therapy, it is critical to identify precisely the native 
lactam molecules, while the contamination of food 
products in accordance with current regulations 
should consider both native antibiotic molecules and 
their derivatives.

 The objective of this study was to evaluate 
commercially available immunoreagents for the 
detection of beta-lactams from the point of view of their 
selectivity with respect to the open-ring derivatives of 
lactams. We were interested in the types of analyses 
that can be implemented using different completions 
of analytical systems and what methodology for 
testing the specificity of the analysis will adequately 
evaluate its informational output. In the implemented 
experiments, ampicillin was considered one of the 
most widely used beta-lactam antibiotics13. To obtain 
standard preparations of ampicillin derivatives with 
an open ring, acid and alkaline hydrolysis was used, 
the effectiveness of which was shown in previously 
published works14,15.

MATERIALS AND METHODS

Chemicals and reactants
 Ampici l l in (AMP) sodium salt  was 
purchased from Sigma-Aldrich (St. Louis, US). 
Mouse monoclonal antibody (#1) against AMP and 
ampicillin-bovine serum albumin (BSA) conjugate 
(#2) were purchased from EximBio (Shanghai, 
China). Monoclonal antibody against AMP (#3) 
and penicillin-BSA conjugate (#4) were purchased 
from Maine Biotechnology Services (Portland, US) 
and DCN (Carlsbad, US), respectively. Peroxidase-
labelled rabbit anti-mouse polyclonal antibodies 
were acquired from Imtek (Moscow, Russia), and 
3,3′,5,5′-tetramethylbenzidine (TMB) and surfactant 
Triton X-100 were acquired from Panreac Química 

(Barcelona, Spain). Anti-species antibodies against 
mouse IgG labeled with horseradish peroxidase 
were obtained from the N.F. Gamaleya Institute of 
Epidemiology and Microbiology (Moscow, Russia). 
Albumin from bovine sources (BSA) was obtained 
from Boval Biosolutions (Cleburne, US). All other 
reagents were of analytical-grade purity or greater. 

 A set of 96-well transparent flat-bottom 
polystyrene microplates 9018 was procured from 
Costar (New York, US). Deionized water (18 MΩ•cm 
at 25°C; Simplicity Millipore, Billerica, US) was used 
to prepare all solutions. 

Hydrolysis of ampicillin
 For alkaline hydrolysis, 10 mg of ampicillin 
sodium salt was dissolved in 1 mL of 0.2 M NaOH 
and incubated for 2 h at 37°C14. For acid hydrolysis, 
10 mg of ampicillin sodium salt was dissolved in 
1 mL of 5 M HCl and incubated for 2 h at room 
temperature15. The changes in structure of ampicillin 
were confirmed by absorption spectra that were 
recorded using spectrophotometer Shimadzu 1601 
(Kyoto, Japan). Thereafter, ampicillin-hydrolyzed 
solutions were adjusted to pH 7 for possible use for 
immune detection. The obtained preparations were 
stable and stored at 4°C. To obtain reproducible 
results, the preparations were stored in a refrigerator 
and analyzed in three repetitions for 5 consecutive 
days to assess the stability and standard deviations 
of the results of analysis.

ELISA
 A solution of hapten–BSA conjugate (2 
µg/mL in 50 mM phosphate buffer saline, pH 7.4 
[PBS]) was introduced into the wells of microplates, 
100 µl/well. After overnight incubation at 4°C or a  
2 h incubation at 37°C, the microplate was washed 
three times using PBST (PBS with 0.05% Triton 
X-100) with 150 µl/well per wash cycle. After that, 
50 µL of ampicillin solution at concentration range 
of 5 µg/mL–80 pg/mL and 50 µL of monoclonal 
antibodies against ampicillin at final concentrations 
of 21 ng/mL and 7 ng/mL (for reagents #1 and #3, 
respectively, both in PBST) were added to the wells 
and incubated for one hour at 37°C. After 3 cycles of 
washing with PBST, anti-species antibody labelled 
with peroxidase (dilution 1:5,000 of commercial 
preparation in PBST) was added at 100 µL/well and 
incubated for one hour at 37oC. Then, the microplate 
wells were washed 3 times with PBST. Next, 100 µL 
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of substrate solution (0.4 MM TMB, 3 mM H2O2) was 
added into each well, and after color developed, 
the reaction was stopped by the addition of 50 µL 
of 1 M H2SO4. Finally, absorbance at 450 nm was 
recorded using the Zenyth 3100 microplate reader 
(Anthos Labtec Instruments, Salzburg, Austria).The 
completion I for specific detection of native ampicillin 
included reactants #1 and #2. The completion II 
for integrated detection of native and hydrolyzed 
ampicillin included reactants #3 and #4.

Processing of the Data
 Calibration curves were constructed by 
plotting the optical density at 450 nm (A450) as 
a function of the known ampicillin concentration 
using Origin 7.5 (Origin Lab, Northampton, US) 
software. The limit of detection was calculated as 
the concentration that generated a signal three times 
higher than the standard deviation of the background 
signal (signal in absence of ampicillin). 

RESULTS

 The products of acid and alkaline treatments 
of ampicillin were obtained. The recorded absorbance 
spectra of native, acid-, and alkaline-hydrolyzed 
ampicillin are shown in Fig. 1. They demonstrated 
known specific peaks: 330 nm for native ampicillin, 
370 nm after acid hydrolysis, and an additional peak 
at 470 nm after alkaline hydrolysis.

 The completion I provides specific detection 
of native ampicillin with the detection limit 1.7 
ng/mL. Cross-reactivities for acid- and alkaline-
hydrolytic products were <0.01% (see Fig. 2). Some 
concentration-independent decrease of binding 
values for this preparation could be associated 
with the influence of hydrolytic media on immune 
interactions.

 The completion II provides group detection 
of both native and derived ampicillin (see Fig. 3). 
The reached detection limit for ampicillin was  
9.2 ng/mL. After alkaline hydrolysis, 64.2% of 
immune reactivity was stored (Fig. 3a), and after 
acid hydrolysis, 61.5% (Fig. 3b). The given immune 
reactants are tolerant to the studies of treatment, 
and the binding values without ampicillin in the 
samples are practically the same.

Fig. 1. Absorption spectra of ampicillin and 
acid/basic-hydrolyzed ampicillin 

 Three obtained preparations were used to 
test different completions of immunoreactants for 
competitive ELISA. After consideration of possible 
reactant combinations, two variants of ELISA, 
differing in specificity, were proposed.

(a)

(b)

Fig. 2. Competitive curves for ELISA of beta-lactams in 
completion II. The items (a), (b) and corresponding curves 

are the same as at Fig. 2
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DISCUSSION

 In the present study, we evaluated the 
possibility of ampicillin detection using commercially 
available immunoreagents and estimated the 
selectivity of the proposed method to the open-ring 
derivatives of lactams. 

 Preparations of open-ring derivatives 
of ampicillin were obtained by acid and alkaline 
hydrolysis using the previously descr ibed 
techniques[14,15. To confirm the changes in the 
structure of ampicillin molecule after hydrolysis, the 
absorbance spectra of products were measured 
(Fig. 1). The bathochromic shifts of maximum on 
41 nm (from 330 nm to 371 nm) for acid hydrolyzed 
products and 70 nm (from 330 nm to 400 nm, with 
additional peak at 481 nm) for alkaline hydrolyzed 
ampicillin were observed. Jones et al.,16 observed 
the shift in 65 nm from 345 nm to 410 nm when 
studied the hydrolysis of CENTA compound by 
beta-lactamase. CENTA is synthesized chromogenic 
cephalosporin reagent, which is beta-lactamase-
labile, and changes color after the hydrolysis of the 
beta-lactam ring. Makena et al.,17 demonstrated the 
bathochromic shift in 59 nm (from 347 nm to 406 
nm) for hydrolyzed CENTA compound compared 
to native preparation. Thus, the effects observed in 
this work are similar to the data of predecessors. 
This fact confirms the complete destruction of the 
lactam ring for the both treatments. It should be 
noted that hydrolysis products significantly depend 
upon the kind of treatment applied. As follows from 
the existing data10, at pH 2 the product of lactam 
hydration with acid is obtained, the low-speed 
transformation at pH 7 leads to obtaining an epimer 
of ampicillin, and the degradation at pH > 9 leads 
to formation of two stereoisomers with open ring 
(Fig. 4). The study on determination of minimal 
inhibition concentration of beta-lactam antibiotics 
at different storage conditions on bacterial strains 
showed strong dependence on temperature as well 
as pH18. Thus, solutions of antibiotics of this class 
are stable at -70°C preferably18 to keep antibacterial 
properties. Varying pH of ampicillin solutions showed 
that antibiotic is much less stable at alkali pH19, but 
relatively stable at acidic which allows to take it as 
medicine to treat bacterial infections orally. From 
these points of view, alkaline hydrolysis is more 
preferable to disrupt lactam ring, but we used two 
techniques to compare the results. 

Fig. 3. Methods of ampicillin hydrolysis at different pH 
(based on10, with modifications)

 The obtained preparations were used 
to test specificity of immunoassays with different 
combinations of immune reactants. We found that  
the given specificity may differ significantly (see Figs. 
2, 3), causing the possibility of incorrect conclusions 
in the testing efficiency of pharmaceuticals (where 
only levels of active antibiotics with closed lactam 
rings are diagnostically significant) and in food testing 
(where the sum of all derivatives should be controlled). 
As seen from Fig. 2, the products obtained by the 
different ways (acidic and alkaline hydrolysis) led no 
to decrease in binding to antibody which reflects a lack 
of recognition by immunoreagents in this experiment 
(curves A and B of Fig. 2). The main result is that the 
hydrolyzed product can not be an effective competitor 
in immunoassay because it is not recognized with the 
antibody in this situation (dash lines, Fig. 2) compared 
to native ampicillin (solid lines, Fig. 2). Competitive 
curves on Fig. 3, contrary to Fig. 2 have a slight 
difference in the working ranges of the determined 
concentrations for the two hydrolytic products, which 
reflects the different affinity of their binding to these 
antibodies. But it does not prevent detection using 
an existing set of immunoreagents. The obtained 
preparations of hydrolyzed derivatives of ampicillin 
are stable under storage (in solved form at 4°C), and, 
therefore, may be recommended as additional tested 
samples for characterization of immunoassays used 
in future studies. 
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(a) (b)

Fig. 4. Competitive curves for ELISA of beta-lactams in completion I. (a). Testing ampicillin and products of its alkaline 
hydrolysis. (b) Testing ampicillin and products of its acid hydrolysis
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